ABSTRACT Little is known about the potential cumulative long-term effects of transgenic crops on nontarget organisms. In the present laboratory study, the potential cumulative effects of transgenic Bacillus thuringiensis (Bt) rice on parasitoids in successive generations were observed for an egg parasitoid, Anagrus nilaparvatae parasitizing eggs of Nilaparvata lugens (Stål) (Hemiptera: Delphacidae) feeding on Bt rice. Enzyme-linked immunosorbent assay test conÞrmed that Cry1Ab insecticidal protein could be detected in newly eclosed parasitoid adults. However, no signiÞcant effect on the fecundity of Anagrus nilaparvatae Pang et Wang (Hymenoptera: Mymaridae) was observed between Bt and non-Bt rice. Developmental times of both genders of A. nilaparvatae parasitizing host eggs laid in Bt (KMD1 and KMD2) rice lines were signiÞcantly prolonged from Þrst generation to second generation, but not always prolonged from third generation to 11th generation as compared with the control rice line. Furthermore, the sex ratio of A. nilaparvatae progeny from the Þrst generation to 11th generation in three rice lines was not signiÞcantly different. In general, our results suggested that the effect of Bt rice on this parasitoid could be negligible.
Public and scientiÞc concerns have been raised about the potential cumulative long-term effects associated with genetically modiÞed organisms. However, most studies on the effects of genetically modiÞed crops on biological characteristics of nontarget organisms have been short term and restricted to a single generation or a single breeding cycle (Lö vei and Arpaia 2005; Chen et al. 2006 Chen et al. , 2008 Hilbeck et al. 2006; Romeis et al. 2006; Craig et al. 2008; Lö vei et al. 2009 ). To date, no studies longer than three successive generations have been observed in laboratory to evaluate the impact of transgenic plants on nontarget organisms.
Bt rice has been genetically modiÞed to express different insecticidal proteins derived from the crystal proteins (Crys) produced by various strains of the bacterium Bacillus thuringiensis (Bt) (Chen et al. 2009 ), of which some have been deÞned to effectively control lepidopteran pests under Þeld conditions (Ye et al. 2001 (Ye et al. , 2003 . The brown planthopper, Nilapavarta lugens (Stål) (Hemiptera: Delphacidae), is an important nontarget sucking herbivore that is one of the most serious pests on rice in Asia and causes substantial yield loss in most rice-producing countries (Karim and Riazuddin 1999, Cheng et al. 2003) . Bt insecticidal protein was detected by ELISA in the honeydew, nymph and adult (Bernal et al. 2002 , Chen et al. 2005 , Bai et al. 2006 of N. lugens feeding on Bt rice lines. Anagrus nilaparvatae Pang et Wang (Hymenoptera: Mymaridae) is an egg parasitoid of N. lugens, and also a major natural enemy of rice planthoppers (Cheng and He 1996) . Therefore, we chose transgenic Bt rice lines (KMD1 and KMD2), N. lugens, and A. nilaparvatae as a model to test the hypotheses that (1) Bt insecticidal protein could be transferred to the egg parasitoid via nontarget host, and (2) after long-term exposure the effects of biological characteristics could become evident in successive generation on nontarget organisms.
Materials and Methods
Plant. Two homogenous transgenic Bt rice lines with a synthetic cry1Ab gene, Kemingdao 1 (KMD1) and Kemingdao 2 (KMD2) (Ye et al. 2001) were derived from a Chinese commercial japonica rice variety Xiushui 11(XS11). In KMD1 and KMD2, the synthetic cry1Ab gene is under the control of the maize ubiquitin promoter and linked in tandem with gus (encoding the ␤Ð glucuronidase), hpt (encoding the hygromycin phosphotransferase), and npt (encoding the neomycin phosphotransferase) genes (Cheng et al. 1998 , Xiang et al. 1999 . The Bt rice selected through four generations was homozygous for the transgenes (cry1Ab, gus, and npt) (Shu et al. 1998) , and could effectively control rice stem borers (Ye et al. 2001 ) and leaf folders (Ye et al. 2003) under Þeld conditions. XS11 cultivar was used as a control. The plants were grown in a plastic tank (25 cm length ϫ 20 cm width ϫ 3 cm height) with nutrient solution (Yoshida et al. 1976 ). Ten 15-d-old rice tillers from the plastic tank were transplanted into a glass tube (3 cm diameter ϫ 25 cm length) with nutrient solution for the following different experiments. Except where otherwise noted, plants were maintained in controlled environment chambers (temperature 28 Ϯ 1ЊC, relative humidity 75 Ϯ 2%, light-dark cycle of L14 h: D10 h).
Insect. Older nymphs of N. lugens were initially collected from the Þeld at Hangzhou. Adults were pooled and allowed to oviposit on caged rice plants of XS11 rice. From the resulting progeny, separate colonies were established on three different rice lines (XS11, KMD1, and KMD2). The colonies were maintained for at least 30 generations before the formal experiments. Three pairs of reproductive N. lugens adults were placed into glass tubes and were allowed to lay eggs for 2 d. N. lugens colonies from XS11 rice were used as control.
A. nilaparvatae adults, used in the experiments, were trapped from paddy Þeld in Hangzhou, and then were reared on XS11 rice plants infested with N. lugens eggs. From the resulting progeny, separate colonies were established on three different rice lines (XS11, KMD1, and KMD2) infested with N. lugens eggs. The colonies were maintained for at least two generations before experiments were begun. A. nilaparvatae colonies reared on XS11 rice infested with N. lugens eggs were used as control. Except where otherwise noted, insects were maintained in controlled environment chambers (temperature 28 Ϯ 1ЊC, relative humidity 75 Ϯ 2%, light-dark cycle of L14 h: D10 h).
Detection of Cry1Ab in A. nilaparvatae Adults From Bt Rice-Fed N. lugens Eggs. Enzyme-linked immunosorbent assay (ELISA) was used for the detection of Cry1Ab. A Cry1Ab/Cry1Ac Plate kit (Catalog number AP003, EnviroLogix Inc., Portland, OR) was used. The kit represents a "sandwich" ELISA with a detection ranging from 0.1 ng/l to 3.2 ng/l. A standard curve constructed from puriÞed Cry1Ab protein (EnviroLogix Inc.) in different concentrations (0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 ng/l) was provided as calibrators. The spectrophotometric measurements were conducted with a MQX200 plate reader (Bio-Tek Instruments, Winooski, VT) at 450 nm. To obtain enough material for quantifying Cry1Ab protein in the parasitoids using ELISA, newly eclosed A. nilaparvatae adults were collected from each successive generation parasitizing eggs of N. lugens feeding on three rice lines. All samples from one rice line and one gender were divided into three equal parts as three independent replicates of ELISA. At least 10 individuals of A. nilaparvatae adults in each generation and each gender were collected for the immunoassay. After the adults were collected and weighed, they were immediately stored at Ϫ80ЊC until ELISA assays were conducted. Before the assay, the frozen samples were thawed, and were washed four times with phosphate buffered saline with Tween (PBST) (PBS/0.55% Tween-20). All samples were disrupted in the extraction buffer (PBST) with sterile pestle and eppendorf tubes, and were centrifuged for 5 min at 10,000 ϫ g at 4ЊC. The supernatants were analyzed using the Cry1Ab ELISA kit. A. nilaparvatae adults from non-Bt XS11 rice line were used as the controls.
Effect of Transgenic Bt Rice on the Fecundity of A. nilaparvatae. A. nilaparvatae adults selected for experiment had been maintained on three rice lines respectively for Þve generations. Newly eclosed A. nilaparvatae adults from three rice colonies were placed into glass tubes containing three reproductive N. lugens females and ten 15-d-old rice tillers infested with N. lugens eggs, plugged with wet cotton wrapped in a plastic cover. Each tube had a pair of A. nilaparvatae adult. Honey-water solution was provided daily. Each rice line had six tubes. A. nilaparvatae in each tube were recorded daily for its mortality and eclosion. Total progeny and the number of parasitized but dead N. lugens eggs dissected from rice stems were recorded as fecundity. All tubes were maintained at controlled environment chambers described as above.
Effects of Transgenic Bt Rices on the Developmental Time and Sex Ratio of A. nilaparvatae in Successive
Generations. Newly eclosed A. nilaparvatae were initially collected from XS11 rice line, and then were placed into glass tubes containing ten 15-d-old rice tillers infested with N. lugens eggs with a nylon cover. Each tube had three or four pairs of A. nilaparvatae adults that were removed after 2 h. Each rice line had Ͼ20 tubes. Parents from XS11 rice line and progenies developing on XS11, KMD1, and KMD2 rice lines were recorded as Þrst generation. From the resulting progeny, parasitic procedure described as above was repeated every generation in three rice colonies. The length of time between oviposition and progeny emergence and sex of offspring were recorded for three rice colonies in each tube twice daily. All tubes were kept in the controlled environment chambers described as above.
Statistical Analysis. Data were analyzed using SPSS for Windows version 16.0 (SPSS Inc., Chicago, IL). The fecundity in the Þfth generation and developmental times of A. nilaparvatae among three rice lines in each generation were analyzed using oneway analysis of variance (ANOVA) followed by least signiÞcant difference (LSD) multiple comparison tests. Analyses on female and male developmental times in multi-generation were undertaken using two-way ANOVA followed by LSD multiple comparison tests. Rice line and generation were included as Þxed factors. The arcsine-transformed data of sex ratio (percent of females) was analyzed using analysis of covariance (ANCOVA) with the generations as the covariate to control for relative error. Effects of Transgenic Bt Rice on the Developmental Time and Sex Ratio of A. nilaparvatae in Successive Generation. Developmental times of A. nilaparvatae in both genders were signiÞcantly prolonged from Þrst generation to second generation on KMD1 and KMD2 rice lines. However, from third generation to 11th generation the developmental times of A. nilaparvatae on KMD1 and KMD2 were not always prolonged as compared with the control rice line. Developmental times of female parasitoids in Þve of eight generations on KMD1 rice were shorter than that on control rice after third generation. In contrast, developmental times in Þve of eight generations on KMD2 rice were longer than that on XS11 rice after third generation. Furthermore, the similar trend of developmental times of male parasitoids in successive generations was found among the three rice lines after third generation. However, developmental times of female A. nilaparvatae of eighth and 11th generation, and of male A. nilaparvatae of third generation, Þfth generation, and 11th generation on Bt rice lines were not significantly different from those on non-Bt rice line. Moreover, developmental times of A. nilaparvatae parasitizing eggs of N. lugens feeding on transgenic Bt rices at the sixth generation in both genders were signiÞ-cantly shorter than those parasitizing eggs of N. lugens feeding on XS11 (Tables 2 and 3 ). Meanwhile, the two-way ANOVA showed that multi-generation developmental time of A. nilaparvatae in both gender have signiÞcant differences among rice lines and generations (Tables 4 and 5 Progeny sex ratio of A. nilaparvatae from Þrst generation to 11th generations in three rice lines was always female-biased (Table 6 ). Furthermore, the ANCOVA results showed no signiÞcant difference among sex ratios (percent of females) of A. nilaparvatae arising from eggs of N. lugens feeding on three rice lines (F ϭ 2.350; df ϭ 2; P ϭ 0.113) after controlling for the relative error of generations. Within a row, value (mean Ϯ SE) followed by different low case letter are signiÞcantly different from each other (one way ANOVA; P Ͻ 0.05). Figures in parenthesis are numbers of female parasitoids of this generation. 
Results

Detection of Cry1Ab in
Discussion
Some previous studies failed to detect Bt insecticidal protein in adult parasitoids that parasitized on lepidopteran host larvae feeding on Bt plants (Vojtech et al. 2005 , Sanders et al. 2007 ). However, the parasitoids from host eggs embedded in the Bt plant phloem are largely ignored. The repeat detection in the current study conÞrmed that Cry1Ab protein was present in parasitoid adults that were reared from eggs of nontarget host feeding on Bt plants. Cry1Ab protein could not be detected in A. nilaparvatae male adults arising from KMD2 rice-fed N. lugens eggs, which is probably because of that the concentration of Cry1Ab in this sample size was out of the lower detection limit of the ELISA kit. The mechanism, however, underlying how the Cry1Ab insecticidal protein is transferred to adult parasitoids is still unclear and needs further investigation.
N. lugens is a migrant and its adults immigrated into rice Þeld around 40 d after transplanting in Zhejiang, China. Because rice will be harvested around 100 d after transplanting (Zhu et al. 2004) , it is Ͻ60 d for N. lugens adults to grow in the paddy Þeld. The developmental time of A. nilaparvatae is Ϸ10 d. It is estimated that A. nilaparvatae develops on N. lugens eggs less than six generations in the paddy Þeld. The sixth generation of A. nilaparvatae may develop on other plants in the Þeld. Therefore, we chose the Þfth generation of A. nilaparvatae to test the potential cumulative effects of Bt rice on fecundity of this parasitoid. Some studies indicated that lower fecundity was observed when the parasitoid was raised on host larvae feeding on transgenic plants or Bt insecticidal protein-intoxicated artiÞcial diet (Vojtech et al. 2005; Sharma et al. 2007 Sharma et al. , 2008 . However, there was no signiÞcant difference in the fecundity in our current study. Consequently, our results indicate that Cry proteins have no effect on the fecundity of parasitoids.
The developmental times of A. nilaparvatae in Þrst and second generations were prolonged signiÞcantly. The two-way ANOVA showed that multi-generation developmental time of A. nilaparvatae in both genders have signiÞcant differences among rice lines and generations (Tables 4 and 5 ). However, the developmental times of the successive generations were not always prolonged compared with the control XS11 rice line: some almost the same, others shorter on KMD1 rice while still others longer on KMD2 rice (Tables 2 and  3) . These results probably indicate that there are no uniform effects of Bt rice on the biological characteristics of parasitoids.
The mode of sex determination in A. nilaparvatae is arrhenotokous parthenogenesis (virgin females only produced sons in our observation). Many studies indicated that genetic, cytoplasmic, and behavioral factors were linked in various ways with arrhenotokous parthenogenesis (arrhenotoky) in Hymenoptera (van Wilgenburg et al. 2006, Heimpel and Boer 2008) . Irvin and Hoddle (2006) found that increasing the number of simultaneously ovipositing females from 1 to 3 resulted in signiÞcantly increased percentage of male offspring in three mymarid egg parasitoids of Homaladisca coagulate (Say) (Hemiptera: Cicadellidae). Three or four pairs of A. nilaparvatae adults were used in our study. The results showed that relatively stable female-biased sex ratios occurred consistently in all Within a row, value (mean Ϯ SE) followed by different low case letter are signiÞcantly different from each other (one way ANOVA; P Ͻ 0.05). Figures in parenthesis are numbers of male parasitoids of this generation. generations on three different rice lines, ranging from 56.33 to 81.33%, and no signiÞcant difference was present among sex ratios of A. nilaparvatae arising from eggs of N. lugens feeding on three rice lines. Therefore, our long-term observation indicated that transgenic rice may have no effect on egg parasitoids, indicating that effects of transgenic plants on parasitoids could be negligible over long-term successive generations. The results of our laboratory study appear consistent with a 6-yr Þeld study by Naranjo (2005) , who demonstrated no chronic and long-term effects of Bt cotton on multiple generations of nontarget taxa.
